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Abstract 
The object of this study was to examine changes in plasma membranes of arterial smooth muscle (ASM) during atherogenesis 
obtained from cholesterol-fed (2%) rabbits. A microsomal fraction highly enriched with plasma membrane markers was prepared by 
subcellular organelle fractionation from ASM freshly isolated from the thoracic aorta. The membranes were analyzed for unesterified 
(free) cholesterol (FC) content, membrane bilayer structural parameters (X-ray diffraction), phospholipid (PL) composition, and 
Na+/K+-ATPase activity and kinetics. Following 8 weeks on diet, membrane FC content increased 67.1%. Small angle X-ray diffraction 
demonstrated an increase in membrane hydrocarbon core electron density and an increase in overall ipid bilayer width (56-62 A). This 
increase in bilayer width was highly correlated with the membrane FC content (r = 0.992). Both membrane FC content And bilayer width 
independently correlated with time on cholesterol diet. The phospholipid profile of the membrane revealed a 16.4% increase in 
phosphatidylcholine (PC), 19.3% decrease in phosphatidylethanolamine (PE) and 62.8% increase in sphingomyelin (SM) content with no 
change in total PL content. Na+/K+-ATPase activity was decreased 52.2% (P < 0.005), and [3H]ouabain binding kinetics demonstrated 
a 27.6% decrease in maximum binding sites (Bma x) (P < 0.01) while the dissociation constant (Ko) remained unaltered. Membranes 
obtained from control ASM cells enriched with FC in culture demonstrated changes imilar to those in atherosclerotic ASM membranes 
including an increase in membrane FC content, an increase in bilayer width, and a decrease in Na+/K+-ATPase activity with decreased 
ouabain Bm~ x. These data demonstrate marked compositional, structural and functional changes in ASM cell membrane characteristics in 
dietary atherosclerosis. These changes were highly correlated with cholesterol accumulation i the plasma membrane bilayer and were 
observed before the appearance of visible lesions. We suggest that these membrane defects may be linked with early atherogenesis. 
1. Introduction 
Epidemiological studies have indicated that elevations 
in serum cholesterol constitutes a principle and indepen- 
dent risk factor in the etiology of atherosclerotic lesions 
and coronary heart disease [1,2]. However, the cellular ole 
that elevated cholesterol plays in this disease, and how it 
leads to lesion formation, is not clear. Aside from anatomi- 
cal lesions, abnormalities in arterial wall function also 
accompany atherosclerotic vessel disease. For example, 
increased sensitivity of arterial segments to vasoconstric- 
tors and impaired endothelium-dependent vasodilation dur- 
ing atherogenesis have been demonstrated using in vitro 
and in vivo techniques by number of investigators [3,4]. 
These functional alterations in vasomotion have been sug- 
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gested to contribute to arterial vasospastic syndromes and 
have been shown to occur in hypercholesterolemia prior to 
the development of organic lesions [3]. That cholesterol 
per se can alter arterial smooth muscle (ASM) cell func- 
tion is supported by observations demonstrating a correla- 
tion between cholesterol enrichment and augmented mem- 
brane calcium permeability [5-8] as well as augmented 
vasoconstrictor activity [5]. Cholesterol appears to have 
this effect by virtue of its ability to accumulate in plasma 
membranes, followed, in turn, by a decreased membrane 
fluidity and an alteration in transmembrane cation move- 
ments in cultured ASM cells [6,8]. These effects imply that 
a change in the hydrocarbon core phase in the ASM 
plasma membrane lipid bilayer actually cause the changes 
in ASM cell function. Thus, the concept hat the genesis of 
atherosclerotic plaque is linked to the genesis of altered 
ASM cell function by a common origin in excess mem- 
brane cholesterol is not unreasonable. 
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In mammalian cells, unesterified (free) cholesterol (FC) 
is confined largely to membranes due to its marked 
lipophilicity. It is thought o be concentrated primarily in 
the cell surface membranes (plasma membranes) where it 
is among the most abundant membrane lipid class by mass 
[9]. Normally, membrane cholesterol content in a given 
cell type is thought to be tightly regulated [10,11]. 
Nonetheless, changing membrane cholesterol content in- 
duces changes in membrane lipid dynamics uch as mem- 
brane fluidity [6], phospholipid fatty acyl chain order [12], 
and phase transition temperature of the membrane [13]. In 
addition, the membrane phospholipid composition may 
also be disturbed by alterations in membrane cholesterol 
content [14]. Perhaps the most notable influence of excess 
membrane cholesterol is on the regulation of various mem- 
brane proteins [15]. Accumulation of this sterol in the 
membrane inhibits Na+/K+-ATPase and cae+-ATPase 
activities in reconstituted membranes [16], rabbit erythro- 
cyte membranes [17], and kidney basolateral membranes 
[18]. This modulation of membrane proteins by cholesterol 
is thought o result from either its general effect on mem- 
brane lipid dynamics [15] or its direct interaction with 
specific membrane proteins [19]. 
In view of the role of excess serum cholesterol as a risk 
factor for atherosclerosis, and its potential ink to altered 
arterial cell and membrane function, the present investiga- 
tion was designed to determine whether dietary athero- 
sclerosis involves alterations in the cholesterol content of 
ASM cell plasma membranes and the degree to which this 
alteration may explain, at least in part, cholesterol's vascu- 
lar effects in atherogenesis. 
The vessel segment was opened longitudinally and the 
intimal endothelium was scraped off. In atherosclerotic 
vessels this procedure also removed aortic lesions. The 
media smooth muscle was then peeled free from adventia 
connective tissue. 
Medial smooth muscle cells were obtained using enzy- 
matic digestion of minced tunica media from the thoracic 
aorta [6]. Briefly, medial smooth muscle strips were minced 
and incubated for 1-2 h in minimum essential medium 
(MEM) containing 375 units/ml collagenase, 0.425 
units/ml elastase, and 0.12% soybean trypsin inhibitor. In 
most experiments, the freshly dispersed ASM cells ob- 
tained from this procedure were used immediately for 
study. In some experiments, control ASM were obtained 
for culture studies. These cells were washed in MEM 
containing 10% FBS and pelleted at 350 × g for 10 min, 
resuspended, plated in growth medium (MEM with 10% 
FBS) and subcultured in the same media. All studies using 
the cultured ASM were performed using near-confluent 
cells between passage 2-4 in 12 well dishes or 35 mm 
Petri dishes. Cells were incubated under a 95% air/5% 
CO 2 atmosphere. All tissue culture solutions contained 50 
units/ml penicillin, 50 /xg/ml streptomycin, and 50 
/xg/ml gentamycin. Cells isolated by this method exhib- 
ited > 95% viability as determined by Trypan blue exclu- 
sion, and were confirmed to be homogeneous using ultra- 
structural as well as monoclonal muscle actin antibody 
(HHF) staining criteria [20]. No foam cells were observed 
in the isolated cells from either the atherosclerotic or 
control animals. 
2.3. Acute cholesterol enrichment of ASM cells 
2. Material and methods 
2.1. Animal model 
In this study adult male New Zealand White rabbits 
were maintained on a calibrated chow consisting of 30.1% 
protein, 5.5% fat, 21.1% fiber and 43.3% carbohydrate 
with or without added cholesterol (2%) for 10 weeks. Both 
control and diet animals were housed in the same room 
and given water ad libitum. Serum and vessel wall choles- 
terol levels were determined and the presence of lesions on 
the intimal surface (if any) were recorded and graded by 
gross inspection. 
Control cultured ASM cells were incubated for 20 h in 
media with or without cholesterol-enriched phospholipid 
liposomes. Multilamellar liposomes were prepared as de- 
scribed previously [21]. The resulting cholesterol-rich par- 
ticles had a FC/PL  molar ratio of approx. 2:1 as deter- 
mined by gas-liquid chromatography and phospholipid- 
phosphorus colorimetry assay prior to experimentation. 
Cholesterol loading medium was prepared by addition of 
liposomes (200 /xg/ml) to MEM containing 1% FBS. 
Control medium had the same composition with the excep- 
tion that liposomes were replaced with an equal volume of 
0.9% NaC1. Both media were determined to be iso-osmolar 
before experimentation. 
2.2. Collection of aortic smooth muscle 2.4. Isolation and purification of plasma membranes 
Following sodium pentobarbital euthanasia, the thoracic 
aorta was surgically exposed. The vessel was dissected 
free from the surrounding connective tissue and the dissec- 
tion was carried out in an oxygenated physiological salt 
solution (PSS) with the following composition (in mmoi 
per liter): 119 NaC1, 4.7 KCI, 1.6 CaCI 2, 1.2 KH2PO4, 
1.2 MgSO 4, 22.6 NaHCO 3, 5.0 dextrose, and 0.05 EDTA. 
Freshly isolated or cultured ASM were resuspended in
0.25 M sucrose solution containing 5 mM Tris buffer and 
2 mM EDTA (pH 7.4) and finely minced. Homogenization 
was performed using a Tekmar homogenizer at setting 60 
for 3 min. An aliquot of the total homogenate was saved 
for further analyses and the remainder subjected to differ- 
ential ultracentrifugation [22,23] to collect the following 
M. Chen et al. / Biochimica et Biophysica Acta 1272 (1995) lOt- 112 103 
subcellular fractions: nuclei (P1, 268 X g, 20 min), mito- 
chondria/lysosomes (P2, 11 950 X g, 10 min), microsomal 
vesicles (P3, 144000 X g, 3 h) and soluble fraction (S). 
All fractions were frozen for biochemical and enzymatic 
analysis except hat required for cytochrome oxidase activ- 
ity which was measured on the same day of membrane 
isolation. 
To evaluate the purity and the yield of the isolated 
membrane fractions, the following markers for the various 
fractions were assayed: alkaline phosphodiesterase (APD, 
plasma membrane), unesterified cholesterol (plasma mem- 
brane), cytochrome oxidase (mitochondria), N-acetyl-/3- 
glucosaminidase (NABGase, lysosomes), DNA (nuclei), 
protein (soluble fraction) and phospholipid (total mem- 
brane). APD and NABGase activities were measured by 
monitoring the absorbance change produced by the forma- 
tion of p-nitrophenol at 400 nm using the substrates 
thymidine 5'-monophosphate p-nitrophenyl ester and p- 
nitrophenyl-N-acetyl-/3-o-glucosaminide, resp ctively. The 
kinetic activity of cytochrome oxidase was measured by 
monitoring the absorbance change during oxidation of 
reduced (90%) cytochrome C for 10 min at 550 nm. DNA 
content was measured spectrofluorometrically utilizing the 
fluorescent dye bis-benzimide and single-stranded calf thy- 
mus DNA as a standard. 
2.5. Cholesterol and phospholipid mass 
Free and total cholesterol were quantified in plasma 
membranes of freshly isolated ASM cells, or from the 
cultured ASM cells by gas-liquid chromatography using 
cholesterol methyl ether as an internal standard. Phospho- 
lipid mass was assessed using a phospholipid phosphorus 
assay employing inorganic phosphate as a standard follow- 
ing a chloroform/methanol extraction of lipids [24]. Cellu- 
lar protein was measured using the method of Lowry et al. 
[25] with bovine serum albumin (BSA) as a standard. 
FC/PL molar ratios were calculated and used as a mea- 
sure of membrane cholesterol content [6]. 
2.6. Phospholipid profiles 
To examine the effects of dietary atherosclerosis on the 
distribution of membrane phospholipid subclasses, two-di- 
mensional thin layer chromatography (TLC) and subse- 
quent phosphorus analysis were performed according to 
Chacko et al. [26]. Silica gel H plates with 7% magnesium 
silicate were used. The plates were activated (110°C, 30 
min) and cooled (10 min) to room temperature. The sol- 
vent system was chloroform/methanol/ammonium hy- 
droxide (65:25:5 v:v) for the first direction and chloro- 
form/acetone/methanol/acetic acid/deionized water 
(30:40:10:10:5 v:v) for the second dimension. Following 
drying, the phospholipids were visualized by iodine vapor. 
The major phospholipids identified by this method were 
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
sphingomyelin (SM), phosphatidylserine (PS) and 
phosphatidylinositol (PI). Approx. 10 /zg of phosphorus- 
containing sample in 50-100 p~l solvent was applied per 
plate. The total phospholipid content of each sample was 
compared with the phospholipid content of each phospho- 
lipid class obtained after separation by TLC. The phospho- 
lipid classes were expressed as the mole percent of the 
total phospholipid in each membrane sample. 
2.7. Membrane structure and lipid bilayer organization 
For X-ray diffraction analysis, oriented multilayer sam- 
ples of purified ASM plasma membranes were prepared as 
follows: ASM plasma membrane vesicles (100-200 /zg 
phospholipid) were centrifuged in an SW-28 rotor (Beck- 
man Instruments, Fullerton, CA) at 35 000 x g for 1 h at 
5°C in Lucite sedimentation wells, each containing an 
aluminum foil substrate [27]. On completion of the spin, 
supernatants were removed and each sample was mounted 
on a curved glass support. The samples were equilibrated 
overnight at 4°C in a glass vial containing a saturated salt 
solution which served to define a specific relative humidity 
of 95% at 5°C (ZnSO4). For X-ray scattering experiments, 
oriented membrane samples were then placed in sealed 
brass canisters containing thin aluminum foil windows in 
which temperature and relative humidity were controlled. 
Small angle scattering was carried out by aligning the 
samples at near-grazing incidence with respect to the 
X-ray beam. The radiation source was a collimated, 
monochromatic X-ray beam (CuK~ X-ray, A = 1.54 A) 
from an Elliot GX-18 rotating anode X-ray generator 
(Marconi Avionics, Bohemia, NY) operated at 40 kV and 
30 mA. A helium tunnel was positioned between the 
sample and detector to reduce scattering from air. The 
fixed geometry beam line utilized a single Franks mirror 
providing nickel-filtered radiation (K s j and K, 2 unre- 
solved) at the detection plane. The beam height at the 
sample was approx. 1 mm. 
Small-angle diffraction data from the oriented mem- 
brane multilayer samples were recorded on a one-dimen- 
sional, position-sensitive electronic detector (Innovative 
Technologies, Newburyport, MA). In addition to direct 
calibration of the detector system, lead stearate was used to 
verify the calibration. Each individual amellar diffraction 
peak was background-corrected using a linear subtraction 
routine which averaged the noise. The intensity functions 
were corrected by a factor of s = 2 sin 0/A, the Lorentz 
correction, in which A is the wavelength of radiation (1.54 
A) and 0 is the Bragg angle equal to one-half of the angle 
between the incident beam and scattered beam. A swelling 
analysis was used to assign unambiguous phases to the 
experimental structure factors [28]. Control and test elec- 
tron density profiles were compared only after using an 
identical number of structure factors in the Fourier analy- 
sis. The membrane phosphate head group separation was 
determined irectly from the one-dimensional electron 
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density profiles of the membrane samples. It refers to the 
measured istance from the center of mass of the phos- 
phate head group electron density of one leaflet to the 
center of mass of the phosphate head group of the oppos- 
ing leaflet, thereby defining the limits of the membrane 
bilayer hydrocarbon core. The 'd-space,' as determined by 
Bragg's law, refers to the measured istance between the 
center of one membrane bilayer to the next, thereby ap- 
proximating the overall membrane width, including head- 
group hydration. Experimental error in d-space measure- 
ments was determined to be equal to or less than 0.4 ~,. To 
phase the X-ray diffraction data, a hydration series or 
swelling analysis was carried out [28]. We used at least 
three sets of intensity data at different relative humidities, 
each with unique unit cell repeat distances to assign an 
unambiguous phase combination to the experimentally ob- 
tained structure factors. When the sample structure factors 
were plotted against heir reciprocal space coordinates for 
each relative humidity (96%, 93%, 72%, and 66%), the 
outline of a continuous tructure factor profile could be 
obtained (data not shown). From the structure factor pro- 
file, the phase of each diffraction order could be clearly 
determined. 
The hydration series demonstrated that the oriented 
ASM native membrane preparation can sustain relatively 
large changes in bilayer hydration without significant per- 
turbation to its structure. This was similar to that observed 
for intact cardiac plasma membranes and reconstituted 
cardiac lipid membranes [29]. Electron density profiles of 
the hydrated oriented membrane multilayers showed a 
symmetrical membrane bilayer. The profile structure was 
consistent with the high lipid content of the plasma mem- 
brane. The average composition of these membranes was 
2.3 /xmol phospholipid/mg protein which is similar to 
that reported for highly enriched cardiac plasma mem- 
brane, 1.98 /xmol phospholipid/mg protein [30]. This 
ratio was not significantly altered as a function of time on 
cholesterol diet, and the increase in cholesterol was inde- 
pendent of the protein or phospholipid concentration. 
2.8. Na +/K +-ATPase activity 
A spectrofluorometric method was utilized to measure 
the enzymatic activity of the ouabain-sensitive Na+/K  ÷- 
ATPase from permeabilized plasma membrane vesicles. 
This technique linearly couples the generation of adeno- 
sine diphosphate (ADP) to the appearance of the fluores- 
cent nicotinamide adenine dinucleotide (NAD) [31]. ASM 
cell membrane vesicles containing approx. 200 /xg of 
protein/sample were subjected to osmotic-temperature 
shock by freezing samples in dry ice for 15 min followed 
by immersion in a water bath (37°C) for 15 min. Substrate 
solution containing 100 mM NaC1, 20 mM KC1, 100 mM 
imidazole, 5 mM MgC12, 1 mM ascorbic acid, 1 mM 
NADH, 1.4 Unit/ml pyruvate kinase, 2.0 Units/ml lactate 
dehydrogenase and pH 7.4 was added to all samples. 
Following 15 min incubation at 37°C, the reaction was 
terminated by the addition 0.5 N HCI to eliminate xcess 
NADH. The samples were then incubated with 6 N NaOH 
in the dark at 60°C for 15 min. After cooling to room 
temperature, the developed fluorescence was read using a 
spectrofluorimeter with an emission wavelength 460 nm 
and an excitation wavelength of 340 nm. An aliquot was 
saved for protein content determination. For each experi- 
ment, duplicate samples were used for measuring the total 
ATPase activity and ouabain-insensitive ATPase activity 
determined by the inclusion of ouabain (l.0 mM) in the 
reaction mixture. Na+/K+-ATPase activity was expressed 
as the ouabain-sensitive fraction obtained from the total 
ATPase activity minus ouabain-insensitive ATPase activity 
and expressed in /xmole/mg protein per min. A standard 
curve for ADP in each sample was generated by varying 
concentrations of ADP under identical experimental condi- 
tions as described above. 
2.9. [ 3H]Ouabain binding 
The binding kinetics of [3H]ouabain to membrane 
Na+/K+-ATPase was measured in atherosclerotic and 
cells, as well as in cells following acute cholesterol enrich- 
ment using the liposomal technique. In the freshly isolated 
cells (atherosclerotic vs. control), a modified method of 
Michael et al. [32] was used. Briefly, medial smooth 
muscle strips from both atherosclerotic and control rabbits 
were subjected to enzyme digestion as described. Followed 
by homogenization i a Dounce Glass homogenizer in 4 
ml ice-cold buffer containing 50 mM Tris-HCI, 100 mM 
NaCI and 2.5 mM MgCI 2. The homogenate was diluted to 
20 mg wet weight/ml with the same medium prior to 
binding studies and protein determination. Aliquots of the 
homogenate (0.1 ml) were added to the same buffer (pH 
7.4). One minute later, [3H]ouabain (16.0 IC /mM) was 
added to initiate binding. The reaction system contained 
(in mM) 50 Tris-HCl (pH 7.4), 100 NaCI, 3.0 Na2ATP, 
2.5 MgC12, various concentrations of [3H]ouabain ranging 
from 1-5000 nM and 100-200 /~g of protein. After a 
30-min equilibration (determined from binding time-course 
studies), the samples were applied to 0.45 /xm Millipore 
filter and rinsed 5 times with 2 ml of ice-cold homogeniz- 
ing buffer. The filters were dissolved in 10 ml of scintilant 
(Scintiverse BD, Fisher Scientific), and the radioactivity 
was measured in a Beckman liquid scintillation spectrome- 
ter. The efficiency of the system was 79%. Non-specific 
binding was measured in the presence of unlabeled ouabain 
(final concentration 1 mM). Protein content was estimated 
by the method of Lowry et al. [25]. 
Binding studies in control ASM cells in culture with or 
without cholesterol enrichment were performed essentially 
as described by Allen et al. [33] Normal rabbit thoracic 
ASM cells cultured in 12-well dishes were washed free of 
the growth medium and incubated in a buffer containing 
the following agents (in mM): 120 NaC1, 0.05 CaCI 2, 1.0 
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MgCI 2, 5.0 glucose, and 20 Hepes adjusted to pH 7.4 with 
Tris base. Cells were incubated with [3H]ouabain for 20 
min (equilibrium) at 37°C. The reaction was terminated by 
removing the buffer and rapidly rinsing the dishes 5-times 
with ice-cold buffer. The cells were then dissolved in 1 N 
NaOH for determination of protein or radioactivity. Non- 
specific binding observed in the presence of unlabelled 
ouabain (1 mM) was subtracted from total binding to 
obtain specific binding. The maximum binding capacity 
(Bma x) and the dissociation constant (K d) was determined 
using a computerized non-linear curve fitting program 
(LIGAND) for kinetic analyses of the saturation binding 
curves [34]. 
2.10. Experimental gents 
Elastase, soybean trypsin inhibitor, cholesterol (chro- 
matographically pure), egg phosphatidylcholine (type III- 
E), thymidine 5'-monophosphate p-nitrophenol-ester, p- 
nitrophenyl-N-acetyl-/3-n-glucosaminide, cytochrome-c, 
bovine serum albumin (BSA, fraction V), ouabain, 5'- 
adenosine triphosphate (disodium salt), adenosine diphos- 
phate (disodium salt), nicotinamide adenine dinucleotide 
(reduced form, NADH), pyruvate kinase, lactate dehydro- 
genase, N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic 
acid] (Hepes) were purchased from Sigma Chemicals, St. 
Louis, MO, fetal bovine serum (FBS) was from Gibco 
Laboratories, Grand Island, NY, [3H]ouabain was from 
New England Nuclear, Boston, MA. Tris(hydroxy- 
methyl)aminomethane hydrochloride (Tris-HCl), Tris base, 
ethylenediaminetetraacetic acid (EDTA), ethylene 
bis(oxyethylenenitrilo)tetraacetic acid (EGTA), sucrose, 
dextrose, D-glucose were from Fisher Scientific, Pitts- 
burgh, PA. 
2.11. Statistical analysis 
All data is reported as the mean ___ the standard error 
(S.E.M.). Statistic significance was assessed by the non- 
paired t-test. Significance was accepted at P < 0.05. Un- 
less otherwise stated, the number of experiments (n) refers 
to the number of animals tudied. In experiments involving 
cultured cells, triplicate samples were averaged to yield an 
no f l .  
3. Results 
Table 1 
Rabbit serum cholesterol levels during 2% cholesterol diet feeding 
Weeks on Diet n TC FC CE 
0 6 35.7+5.5 13.6_+ 1.2 22.1 _+2.4 
2 4 900.8_ 25.6 205.2_+ 30.0 695.6 +14.7 
5 4 1219.7_+37.3 75.2_+ 17.3 844.5_+21.9 
7 2 1205_+69.9 443.8+21.0 761.2-+ 117.3 
10 6 1200.2-+ 145.0 309.7-+39.8 90.5_+ 108.6 
All the cholesterol components are expressed as mg/dl. Values are 
mean + S.E.M. TC = total cholesterol, FC = unesterified cholesterol, CE 
= cholesteryl esters; n= number of animals. 
rabbits by 6 weeks and eventually occupied between 20- 
80% of the intimal surface area by 10 weeks in the 
cholesterol-fed group as determined by gross inspection. 
No lesions were present in the control animals during the 
course of the feeding. 
3.1. ASM plasma membranes 
Microsomal membranes i olated from freshly dispersed 
ASM cells demonstrated 13-fold enrichment in the specific 
plasma membrane marker APD (Fig. 1) and a 6-fold 
enrichment of FC. There was only minor contamination of
DNA (2.8%), NABGase (5.7%), cytochrome oxidase 
(5.5%) or esterified cholesterol (0.4%) in the same frac- 
tion. In selected experiments, the microsomal fraction was 
subjected to sucrose density gradient centrifugation for 
further purification. This procedure yielded a fraction (F2) 
that, while reduced in yield considerably, demonstrated 
similar enrichment in APD and FC, but contained levels of 
contaminating subcellular organelles (mitochondria nd 
lysosomes) which were barely detectable. Taken together, 
these results indicated that the microsomal fraction ob- 
tained using these techniques was highly purified and 
enriched with plasma membranes and is referred to here- 
20-  
18 
¢~ t-" 16 
, , .  
12- 
10-  
C 
After 10 weeks on cholesterol diet, total serum choles- 
terol increased 34-fold, cholesteryl esters increased 40-fold 
and free cholesterol increased 23-fold, while the serum 
cholesterol evels from age-matched control rabbits re- 
mained unaltered (Table 1). The development of the hyper- 
cholesterolemia was time-dependent and leveled off by the 
end of the 5th week of diet feeding. Atherosclerotic lesions 
could be detected on the aortic intimal surface of diet 
T.H. P1 P2 P3 S 
Subcellular fractions 
Fig. I. The activity distribution of plasma membrane marker alkaline 
phosphodiesterase in ubcellular fractions of rabbit aortic Smooth muscle 
cell (n = 6). T.H.: total homogenate; PI: nuclei; P2: mito- 
chondria/lysosome; P3: microsome; S: soluble protein. Each bar indi- 
cates mean _+ S.E.M. of the enzymatic a tivities. 
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Fig. 2. Cholesterol content in plasma membranes freshly isolated from 
ASM cells (control vs. atherosclerotic) and in cultured ASM cells (control 
vs. cholesterol-enriched). * P = 0.007 (n = 6); * * P = 0.001 (n = 9) vs. 
correspond controls. 
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Fig. 3. The effects of  cholesterol feeding on cholesterol content in 
membranes i olated from freshly dispersed rabbit ASM cells. Each point 
represents mean+S.E .M,  of 4 -6  membrane preparations from NZW 
rabbits fed 2% cholesterol containing chow for 0 -12  weeks. 
after as the ASM 'plasma membrane' or simply 'mem- 
brane'. 
3.2. Effects of atherosclerosis on ASM membrane choles- 
terol content 
Membrane FC content was measured from ASM mem- 
branes freshly isolated from atherosclerotic smooth muscle 
as well as from cultured control aortic smooth muscle cell 
enriched with free cholesterol using the liposomal tech- 
nique. In atherosclerotic membranes, there was a 67.1% 
increase (FC/PL 0.377-0.630) in FC content compared to 
control membranes after 8 weeks on diet (Fig. 2). Acute 
cholesterol enrichment using liposomes in control ASM 
cells also increased the membrane cholesterol content 
(FC/PL 0.320-0.785). In both experiments, these changes 
in FC occurred without accompanying changes in total 
phospholipid content or cholesteryl esters. The increase in 
membrane FC content observed in atherosclerotic cells 
was highly correlated (r  = 0.952) with time on diet feed- 
ing (Fig. 3). It is important to point out that a significant 
elevation (38%) in the membrane FC content was observed 
at 2.5 weeks of cholesterol feeding (FC/PL ratio 0.377- 
0.520), prior to the appearance of visible lesions. 
3.3. Effects of atherosclerosis on ASM membrane phospho- 
lipid distribution 
Table 2 summarizes the alteration of phospholipid pro- 
file in atherosclerotic ASM membranes compared to con- 
trol following 10 weeks on diet. There was a 16.4% 
increase in PC content (P  = 0.001); 19.3% decrease in PE 
content (p  = 0.021); 62.8% increase in SM content (P  = 
0.045) with no significant changes in PS, PI or total 
phospholipid mass (334_ 13.8 /zg/mg protein in mem- 
branes from atherosclerotic animals; 356.1 + 30.6 /xg/mg 
protein in control membranes, P > 0.05). 
3.4. The effect of atherosclerosis on ASM Na+/K  + 
A TPase 
Fig. 4 demonstrates marked suppression of ouabam-sen- 
sitive Na+/K+-ATPase activity in both atherosclerotic 
membranes (52.2%; P<0.005)  and in cultured cells 
acutely enriched with FC (58.9%; P < 0.001). There was 
no significant alteration in total or ouabain-insensitive 
ATPase activities (Table 3). Suppression of Na÷/K  +- 
ATPase activity with increasing membrane cholesterol 
content agrees with previous studies [17,18,35] and may 
imply the causal role for excess membrane cholesterol in 
Table 2 
Distribution of  ASM plasmalemma phospholipid subclasses in control and atherosclerotic NZW rabbits 
Type n PC PE SM PS PI 
Control 6 27.5 + 0.7 22.8 5:1.4 18.0 + 1.1 11.2 + 1.5 5.8 _ 0.8 
Atheroclerotic 6 32.0 5:0.4 * 18.4 5:0.2 ? 29.3 + 4.4 * * 7.2 ___ 1.7 3.5 +__ 0.6 
Phospholipid contents are expressed as mol% of total phospholipids. Values are PS: phosphatidylserine, PI: phosphatidylinositol. 
* P = 0.001; ~ P = 0.021; * * P = 0.045 atherosclerotic vs. control. 
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Fig. 4, Suppression of Na+/K+-ATPase  activity in membranes from 
freshly isolated ASM cells derived from atherosclerotic rabbits and in 
membranes freshly isolated from ASM cells following acute cholesterol 
enrichment. Bars indicate the mean activities-+ S.E.M. * P = 0.005 (n = 
5); * * P = 0.001 (n = 9) vs. controls. 
suppressing membrane Na+/K+-ATPase activity in 
atheroscterotic ASM. 
To further examine the nature of suppressed Na+/K +- 
ATPase activity in atherosclerosis, binding kinetics of 
[3H]ouabain were studied in atherosclerotic ASM as well 
as ASM cells acutely enriched with cholesterol (Fig. 5). 
Data summarized in Table 4 illustrate that ouabain binding 
capac i ty  (Bmax)  decreased 27.6% (P < 0.01) in the athero- 
sclerotic ASM cells and 27.7% (P < 0.01) in ASM cells 
acutely enriched with cholesterol. In addition, this decrease 
in Bma x was  accompanied by a modest increase in the K d 
(43.2%; P < 0.02) in the ASM cells acutely enriched with 
cholesterol but not in atherosclerotic ASM cells. These 
data are consistent with the explanation that the number of 
Na+/K--ATPase molecules and/or the number of bind- 
ing sites available for ouabain are reduced in athero- 
sclerosis. 
3.5. Structural alterations in ASM cell membrane in 
atherosclerosis 
To examine the effect of dietary-induced atherosclerosis 
on the structural parameters of ASM membrane bilayers, 
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Fig. 5. [~H]Ouabain binding kinetics to freshly isolated ASM from NZW 
rabbits (A, n = 5) or to confluent ASM cells (B, n = 9). Each point 
represents mean -t- S.E.M.). 
purified membrane vesicles from control and athero- 
sclerotic aorta were subjected to small angle X-ray diffrac- 
tion. Electron density profiles across the membrane bilayer 
were constructed from the resulting diffraction order data. 
We found an increase in the electron density spanning a 
+7-16 ,~ region from the center of the bilayer in the 
hydrocarbon core (fatty acyl chain region) which increased 
with progressive nrichment of the bilayer with FC (Fig. 
6). This region corresponds to the domain where choles- 
terol has been shown to be located in the membrane lipid 
bilayer by nuclear magnetic resonance studies [36,37] and 
by X-ray diffraction analysis [38]. Accompanying this 
increase in electron density was an increase in intrabilayer 
phosphorus head group separation (43-46 A) and an in- 
crease in overall bilayer width (56 A to 60 A) at 8 weeks. 
Thus, these data demonstrate a pronounced structural alter- 
Table 3 
Aortic smooth muscle cell ATPase activities from control and athero- 
sclerotic rabbits 
ATPase activity Control Atherosclerotic 
( / .Lmol/mg prot . /min)  (n = 4) (n = 4) 
Total ATPase activity 0.261 +0.009 0.250+0.024 
Ouabain-insensitive 0.216 _+ 0.014 0,228 -+ 0.022 
Ouabain-sensitive 0.046 _ 0.005 0.022 _ 0.008 * 
Ouabain-sensitive (% of total) 17.60% 8.80% 
Values are mean_+ S.E.M. 
P = 0,002 vs. control. 
Table 4 
Ouabain binding capacity (Bmax) and dissociate constant (K j )  from 
freshly dispersed and cultured ASM cells 
Sample n Bma x (pmol /mg protein) Kj ( /zmol /1)  
Freshly dispersed ASM 
• Control 5 5.8+0.1 0 .22+0.6 
• Athero. 5 4 .2+0.5 * 0.21 _+0.9 
Cultured ASM cells 
• Control 9 5.4 + 0.05 0.044 + 0.3 
• Cholesterol-enriched 9 3.9-+ 0.5 * * 0.063 + 0.2 t 
Values are mean + S.E.M. 
P = 0.009, * * P = 0.007, 5" P = 0.012, vs. control. 
108 M. Chen et al. / Biochimica et Biophysica Acta 1272 (1995) 101-112 
1.0  
>. 
I-- 0 .5 -  
¢n 
Z 
I/J a 
Z 
0 
0.0 
W 
.4 
W 
W 
:> -0 .5  
I ' -  
,< 
. J  
W 
IZ 
-1..0 
-L.5 
-30 .0  -20 .0  
Cu l tured  ASM + Chol .  
/ ,8  week d iet  ~ '  
/ "  , /S  week diet ~   i/,/oontro, d,t 
-3 / /  ~ ~:;i;i 
-,o.0 do " ,~.o 26.0 36.0 
ANGS'mOMS (A) 
Fig. 6. Electron density profiles from oriented arterial smooth muscle 
plasma membranes from control (FC/PL = 0.37), 5 and 8 week dietary 
atherosclerotic animals (FC /PL=0.56  and 0.63, respectively) and 
cholesterol-enriched cultured arterial smooth muscle cells (FC/PL = 
0.79). The electron density profiles demonstrate an increase in electron 
density throughout a broad region of the hydrocarbon core (_+ 7-16 ,~) 
which correlated with the membrane's cholesterol content. 
ation, i.e., a 'swelling' defect, in ASM membranes from 
cholesterol-fed atherosclerotic rabbits which is associated 
with an increase in membrane cholesterol content. 
To assess whether the membrane structural alteration 
observed with dietary cholesterol feeding might result 
from an increase in membrane FC content, we incubated 
normal rabbit ASM cells with cholesterol-rich liposomes 
[6] for 24 h, followed by washing and isolation of ASM 
plasma membranes. In these experiments, membrane FC 
content increased 83 _+ 4.7% (P < 0.001) with no signifi- 
cant alteration in PL content. X-ray analysis demonstrated 
a marked increase in electron density spanning the same 
centrosymmetric 9 A region (i.e., _+ 7-16 ~,), a marked 
increase in intrabilayer phosphate headgroup oSeparation 
(41-48 ,~) and in overall bilayer width (54-63 A) (Fig. 6). 
Thus, increasing membrane cholesterol as a single and 
independent variable was associated with an increase in 
membrane bilayer width, consistent with a cause-effect 
relation between excess membrane FC and membrane 
bilayer width. 
To further analyze the relationship between membrane 
FC content and bilayer width in dietary atherosclerosis, 
ASM membranes were isolated from rabbits following 
different durations of cholesterol feeding. As illustrated in 
Fig. 7, a strong linear correlation between membrane FC 
content and bilayer width (r = 0.992) and phosphorus head 
group separation (r = 0.998) was observed. This correla- 
tion was preserved when data obtained from membranes of
control and cholesterol-enriched cultured rabbit ASM cells 
were included. The bilayer width also correlated with time 
on diet (0-10 weeks, r=0.975; P <0.001), similar to 
that observed with membrane FC content (Fig. 3). The 
increase in intrabilayer phosphorus head group separation 
66 
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Fig. 7. Graph showing the relationship between ASM cell membrane cholesterol content and the membrane bilayer width determined by X-ray diffraction. 
Membranes were isolated from rabbits aorta medial smooth muscle with or without atherosclerotic lesion and from the cholesterol-enriched rabbit aortic 
smooth muscle cells. Each point represents only one sample analyzed uring 0-10 weeks of 2% cholesterol feeding or one set of cholesterol-enriched c lls. 
Inset shows the phosphorus headgroup separation versus time on diet. 
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was also highly correlated ( r=0.998;  P<0.01)  with 
membrane cholesterol content (Fig. 7, inset). 
4. Discussion 
The present study was designed to explore potential 
alterations in arterial smooth muscle cell plasma mem- 
branes associated with dietary-induced atherosclerosis. Our 
results demonstrate that during 10 weeks of cholesterol 
feeding in rabbits, a progressive increase in membrane 
cholesterol content and an increase in membrane bilayer 
width occurred. These changes correlated strongly with 
time on diet and became significant during the early stages 
of atherogenesis, that is, prior to the appearance of visible 
lesions. Associated with this increase in membrane choles- 
terol was an altered composition of membrane phospho- 
lipids and a decrease in Na+/K+-ATPase activity. Nearly 
all these alterations observed with cholesterol feeding were 
also found in cultured ASM from normal rabbit aorta 
following acute cholesterol enrichment of the plasma 
membrane, suggesting that these defects in membrane lipid 
organization and structure result directly from increase in 
membrane cholesterol content. 
In the present studies, dietary atherosclerosis induced 
by supplemental cholesterol feeding resulted in marked 
hypercholesterolemia which stabilized at approx. 1200 
mg/dl by 5 weeks. Visible aortic intimal fatty streaks and 
gross intimal lesions appeared by the 6th week, similar to 
that observed by other laboratories using this model [39]. 
We used cholesterol as the only supplemented lipid in the 
diet in order to avoid the membrane bilayer modifications 
that may occur with other dietary lipids (e.g., corn oils, 
peanut oils, etc.). The strategy taken in these experiments 
was to isolate ASM from the medial layer of aortas from 
normal animals and compare them to ASM isolated from 
animals maintained on high cholesterol diet for 1-10 
weeks. Since hypercholesterolemia is a dominant feature in 
this model of atherosclerosis, we also studied cultured 
rabbit aortic ASM before and after acute (overnight) 
cholesterol enrichment. In the latter protocol, cholesterol 
enrichment is a single and isolated variable. Previous 
studies have confirmed that this acute cholesterol enrich- 
ment technique results in the selective nrichment of ASM 
plasma membranes [6]. 
We found that the ASM plasma membrane became 
significantly enriched with FC early in the cholesterol 
feeding period (by 2.5 weeks). Likewise, cultured ASM 
cells acutely enriched with cholesterol demonstrated ele- 
vated cholesterol content in the plasma membrane. In both 
protocols, this conclusion was supported by chemical anal- 
ysis and confirmed by X-ray diffraction analysis. To our 
knowledge, enrichment of the plasma membrane with 
cholesterol in dietary atherosclerosis has never been 
demonstrated. However, enrichment of cell membranes 
with cholesterol is well known to alter membrane function 
in a variety of cells. For example, cholesterol-enriched 
ASM demonstrate increased calcium uptake [6], sup- 
pressed K + effiux through the ATP-dependent K + channel 
[40], decreased membrane fluidity [6] and reduced 
Na+/K+-ATPase activity [35]. The alteration of these 
plasma membrane-based functions by cholesterol enrich- 
ment is consistent with an effect of 'excess' cholesterol 
accumulation i the plasma membrane. In dietary athero- 
sclerosis, Bolotina demonstrated suppressed K + channel 
opening kinetics in ASM from rabbits [41] and in humans 
[42], and Gilles has demonstrated reduced membrane fluid- 
ity in dietary atherosclerotic rabbit ASM [43]. Both of 
these findings lend support o our observation of enrich- 
ment of the ASM plasma membrane with cholesterol in 
dietary atherosclerosis. 
Cholesterol feeding also altered membrane phospho- 
lipids. The increase in PC and SM are consistent with 
studies done in cholesterol-enriched human skin fibroblasts 
by Bielicki et al. [14] in which the effiux of PC and SM 
were elevated. The implications of these alterations in 
atherosclerosis are not clear at this time. Most notable 
among the phospholipid changes is the marked increase in 
SM content. SM has been suggested to be a membrane 
rigidizing phospholipid as it forms hydrogen bonds be- 
tween its fatty acyl chain and FC molecules thereby immo- 
bilizing the sterol-acyl chain motion and decreasing mem- 
brane fluidity [44]. Increased SM content of the cell mem- 
brane has been associated with increased membrane FC 
content, and when membrane SM is digested by sphin- 
gomyelinase, FC molecules are no longer stabilized in 
membranes as reflected by enhanced FC effiux [45]. Our 
findings support his concept, as changes in membrane FC 
paralleled the changes in SM. With the regard to PE, this 
phospholipid has been shown to be able to transform the 
normal membrane liquid-crystalline state to a hexagonal II
phase and thereby alter the function of certain membrane 
proteins uch as Ca 2 +-ATPase [15]. Whether Ca 2 +-ATPase 
is altered in ASM from atherosclerotic animals is not clear, 
but a recent report has indicated that calcium efflux from 
ASM is not affected by atherosclerosis [46]. While the 
implications of alterations in membrane phospholipids are 
not clear, taken together with the altered membrane choles- 
terol content, they clearly reflect a marked remodeling of 
the plasma membrane lipid bilayer in dietary athero- 
sclerosis. 
In light of the changes in membrane lipid composition, 
the effects of atherosclerosis on the integral membrane 
protein Na+/K+-ATPase was examined. The ability of 
acute cholesterol enrichment to suppress Na+/K+-ATPase 
activity has been clearly identified in several cell types and 
model membranes [16-18] including ASM [35]. In addi- 
tion, suppression of this cation antiporter augments vaso- 
constriction [47], a functional alteration also seen in 
atherosclerotic vessels [46]. A marked decrease in 
Na+/K+-ATPase activity was observed in atherosclerotic 
ASM membranes in the present study. This decreased 
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activity was associated with a decrease in the maximum 
binding capacity of ouabain in both atherosclerotic and 
acute cholesterol-enriched cell membranes. This observa- 
tion is consistent with the explanation that cholesterol 
enrichment results in a reduction in the total number of 
Na+/K+-ATPase molecules in the membrane, or alterna- 
tively, it decreases the number of binding sites available to 
the ligand. However, the decreased affinity of ouabain to 
the enzyme, reflected by the increased K d, was only 
detected in the acute cholesterol-enriched cells and not in 
membranes of atherosclerotic ASM cells. In addition, the 
dissociation constants obtained in cultured cells were an 
order of magnitude higher than those observed in freshly 
isolated ASM (10- 8 M vs. 10- 7 M) regardless the experi- 
mental groups, while the Bma x values were comparable. 
Why these differences in Ko occurred is not clear, but 
may reflect he possibility that the method of preparing the 
cells was different between the two experiments. For ex- 
ample, in freshly isolated ASM, the pericellular matrix 
with its proteoglycans may have been markedly disturbed, 
whereas in the cultured ASM, it would have been resyn- 
thesized. Nonetheless, excess membrane cholesterol in- 
hibits enzymatic activity as demonstrated by either 
ouabain-sensitive ion transport [33] or biochemical analy- 
sis [17,18,31]. The mechanism of Na÷/K÷-ATPase inhibi- 
tion by FC incorporation into the membrane bilayer has 
generally been assumed to result from cholesterol's gen- 
eral effect on a membrane lipid dynamics, namely reduced 
fluidity [15]. It has also been suggested that cholesterol has 
a direct sterol-protein effect as has been demonstrated for 
the acetylcholine receptor [19]. Alternatively, our demon- 
stration of a change in bilayer structure (width) raises the 
interesting possibility that the reduced Na+/K+-ATPase 
activity and binding density may be secondary to an 
expansion of the membrane bilayer width. However, at this 
point, we cannot rule out the possibility that the decrease 
in Na+/K+-ATPase activity was mediated at the genomic 
level. Thus, the question of how accumulation of mem- 
brane cholesterol alters this important membrane nzyme 
remains an open one. 
In order to assess possible alterations in membrane 
bilayer structure associated with atherosclerosis, ASM 
plasma membranes were isolated in representative experi- 
ments and subjected to small angle X-ray diffraction analy- 
sis. ASM plasma membranes i olated from animals after 
2.5, 5 and 8 weeks on cholesterol diet showed substantial 
changes in electron density 7-16 A from the membrane 
bilayer center. This broad increase in electron density can 
be attributed to the contribution of cholesterol's hetero- 
cyclic ring structure which is approx. 9 A in length. These 
observed structure changes suggest hat cholesterol fully 
incorporates into the membrane hydrocarbon core with the 
long axis of the molecule aligned parallel to the phospho- 
lipid acyl chains where it can order the hydrocarbon core, 
i.e., decrease trans-gauche isomerizations. Membrane 
changes with cholesterol accumulation were most pro- 
nounced in acutely enriched ASM cells with a FC/PL  mol 
ratio of 0.8:1 (Fig. 6). This effect of cholesterol on lipid 
bilayer structure has been previously observed by X-ray 
diffraction and NMR in model membrane systems 
[12,48,49]. 
Increases in membrane cholesterol content also in- 
creased phospholipid head group separation and overall 
membrane width as illustrated in Fig. 7. A similar effect of 
FC on bilayer structure has been shown by others [48-50] 
in phosphatidylcholine bilayers. However, our data are the 
first to demonstrate his effect in native biological mem- 
branes. When examined together, membranes from cul- 
tured cells as well as from freshly isolated aortic smooth 
muscle cells demonstrated overall membrane bilayer di- 
mensions that correlated linearly with the membrane 
FC/PL  molar ratio as well as with time on diet. Since 
membrane cholesterol content and overall membrane bi- 
layer width are highly correlated in both acute and chronic 
dietary cholesterol exposure, we suggest a causal link 
between membrane cholesterol accumulation and bilayer 
dimensions. In addition, it is important to note that rabbits 
kept on high cholesterol diet for only 2.5 weeks had 
virtually no visible lesions, but did yield ASM membranes 
demonstrating anincrease in the FC/PL  molar ratio (38%, 
P < 0.05) and an increase in overall membrane bilayer 
thickness from 56 A to 58 A. This demonstrates that 
increases in membrane cholesterol content and overall 
membrane width precede the formation of visible athero- 
sclerotic lesions and may represent an early event in 
altered ASM function in atherogenesis. 
In conclusion, our data demonstrate that experimental 
dietary atherosclerosis is associated with a marked remod- 
eling of the ASM plasma membrane lipid bilayer. Among 
the most notable changes is the large increase in mem- 
brane cholesterol content, an effect which alters membrane 
structural parameters [50], hydrolytic activity of Na+/K  +- 
ATPase [35], ASM calcium handling and bilayer lipid 
dynamics [6]. We have constructed the following model 
for the effects of cholesterol enrichment on phospholipid 
bilayer structure in the ASM plasmalemma. In normal 
plasma membranes, where most of the cellular cholesterol 
is thought o reside [51], cholesterol content is relatively 
fixed and membrane bilayer width remains constant. With 
cholesterol enrichment, membrane bilayer width increases 
as the ratio of cholesterol to phospholipid molecules in- 
creases. This 'swelling' of the membrane would be ex- 
pected to have significant conformational effects on intrin- 
sic or transmembrane amphipathic proteins which interact 
with the membrane by topographical registration of their 
hydrophobic domains with the hydrocarbon core of the 
membrane bilayer. The structural change associated with 
excess membrane cholesterol was substantial, producing a 
bilayer 'swelling' effect of almost 19% (10 A)with acute 
enrichment and 11% (6 A) with chronic cholesterol feed- 
ing. An increase in bilayer width of 3-5 A could affect a 
displacement of 2-4 amino acids, or nearly an entire turn 
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of an a-he l ix  (at 1.54 ,~/amino  acid) of  a t ransmembrane 
protein to compensate  for the increase in membrane width. 
Thus, such a change in membrane b i layer  structure would 
be expected to perturb the activity of  affected membrane 
proteins. These membrane structural changes may explain 
the altered ca lc ium channel  activity [5,6,8,35], potass ium 
channel  activity, [40,41,52,53] and Na+/K+-ATPase  activ- 
ity [35] that have been descr ibed in this and other laborato- 
ries with acute cholesterol  enr ichment  of  ASM and/or  
ASM isolated by dispers ion f rom cholesterol - fed animals.  
We hypothes ize that this swel l ing effect const itutes a 
disrupt ive defect or 'membrane  lesion'  in ASM,  and that it 
occurs early in the atherosclerot ic  process and may be 
related to the early events in dietary atherosclerosis.  The 
re levance of  these f indings in other  models  of athero- 
sclerosis and in humans  needs to be further determined.  
Acknowledgements 
Support  for this project  was prov ided in part by an 
AHA Predoctoral  Fe l lowship  Grant  to M.C.,  N IH  Grant  
HL30496,  and a grant- in-a id f rom the Pennsy lvan ia  Affi l i -  
ate of  the Amer ican  Heart  Associat ion.  
References 
[1] Kannel. W.B., Castelli, W.P. and Gordon, T. (1979) Cholesterol in 
the prediction of atherosclerotic disease. New perspectives passed on 
the Framingham study. Ann, Intern. Med. 90, 85-91. 
[2] Kannel. W.B., Neaton, J.D. and Wentworth, D. (1986) Overall 
coronary heart disease mortality rate in relation to major risk factors 
in 325,348 men screened for the MRFIT. Am. Heart J. 112, 825-836. 
[3] Heistad, D.D., Armstrong, M.L., Marcus, M.L., Piegors, D.J. and 
Mark, A.L. (1984) Augmented responses to vasoconstrictor stimuli 
in hypercholesterolemic andatherosclerotic monkeys. Circ. Res. 54, 
711-718. 
[4] Minor Jr., R.L., Myers, P.R,, Guerra Jr., R., Bates, J.N. and Harri- 
son, D.G. (1990) Diet-induced atherosclerosis increase the release of 
nitrogen oxides from rabbit aorta. J. Clin. Invest. 86, 2109-2116. 
[5] Bialecki, R.A. and Tulenko, T.N. (1989) Excess membrane choles- 
terol alters calcium channels in arterial smooth muscle. Am. J. 
Physiol. 257, C306-C314. 
[6] Gleason, M.M., Medow, M.S. and Tulenko, T.N. (1991) Excess 
membrane cholesterol alters calcium movements, cytosolic calcium 
levels, and membrane fluidity in arterial smooth muscle cells. Circ. 
Res. 69, 216-227. 
[7] Strickberger, S.A., Russek, L.N. and Phair, R.D. (1988) Evidence 
for increased aortic plasma membrane calcium transport caused by 
experimental therosclerosis in rabbits. Circ. Res. 62, 75-80. 
[8] Zhou, Q., Jimi, S., Smith, T.L. and Kummerow, F.A. (1991) The 
effect of cholesterol on the accumulation of intracellular calcium. 
Biochim. Biophys. Acta 1085, 1-6. 
[9] Bretscher, M.S. and Munro, S. (1993) Cholesterol and the Golgi 
apparatus. Science 261, 1280-1281. 
[10] Yeagle, P.L. (1985) Cholesterol and the cell membrane. Biochim. 
Biophys. Acta 822, 267-287. 
[11] Fielding, C.J. (1984) The origin and properties of free cholesterol 
potential gradients in plasma, and their relation to atherogenesis. J. 
Lipid Res. 25. 1624-1628. 
[12] Stockton, G.W. and Smith, I.C.P. (1976) A deuterium nuclear 
magnetic resonance study of the condensing effect of cholesterol n 
egg phosphatidylcholine bilayer membranes. 1  Perdeuterated fatty 
acid probes. Chem. Phys. Lipids 17, 251-263. 
[13] Oldfield, E. and Chapman, D. (1971) Effects of cholesterol and 
cholesterol derivitives on hydrocarbon chain mobility in lipids. 
Biochem. Biophys. Res. Commun. 43(3), 610-616. 
[14] Bielecki, J.K., Johnson, W.J., Glick, J.M. and Rothblat, G.H. (1991) 
Efflux of phospholipid from fibroblasts with normal and elevated 
levels of cholesterol. Biochim. Biophys. Acta 1084, 7-14. 
[15] Yeagle, P.L. (1989) Lipid regulation of cell membrane structure and 
function. FASEB J. 3, 1833-1842. 
[16] Kimelberg, H.K. and Papahadjopoulos, D. (1974) Effects of phos- 
pholipid acyl chain fluidity, phase transitions and cholesterol n the 
Na+,K + ATPase from erythrocytes. J. Biol. Chem. 249, 1071-1080. 
[17] Yeagle, P.L. (1983) Cholesterol modulation of (Na+,K + ) ATPase 
ATP hydrolyzing activity in the human erythrocyte. Biochim. Bio- 
phys. Acta 727, 39-44. 
[18] Yeagle, P.L., Young, J. and Rice, D. (1988) Effects of cholesterol 
on (Na+,K ÷) ATPase hydrlyzing activity in bovine kidney. Bio- 
chemistry 27, 6449-6452. 
[19] Craido, M., Eibl, H. and Barrantes, F.J. (1982) Effects of lipids on 
acetylcholine r ceptor. Essential need of cholesterol for maintenance 
of angonist-induced state transitions in lipid vesicles. Biochemistry 
21, 3622-3627. 
[20] Tsukada, T., Tippens, D., Gordon, D., Ross, R. and Gown, A.M. 
(1987) HHF-35. A muscle-actin-specific monoclonal ntibody. Am. 
J. Pathol. 126, 51-60. 
[21] Sokoloff, L. and Rothblat, G.H. (1974) Sterol to phospholipid molar 
ratio of L-cell with qualitative and quantitative ariations of cellular 
sterol. Proc. Soc. Exp. Biol. Med. 146, 1166-1172. 
[22] Harrison, E.H. and Bowers, W.E. (1983) Characterization f rat 
lymphocyte cell membranes by analytical isopycnic centrifugation. 
J. Biol. Chem. 258, 7134-7140. 
[23] Grover, A.K., Samson, S.E. and Lee, R.M.S.K. (1985) Subcellular 
fractionation of pig coronary artery smooth muscle. Biochim. Bio- 
phys. Acta 818, 191-199. 
[24] Bligh, E.G. and Dyer, W.J. (1959) A rapid method of total lipid 
extraction and purification. Can. J. Biochem. 37, 911-917. 
[25] Lowry, O.H., Rosenbrough, N., Farr, A. and Randall, R. (1951) 
Protein measurement with the folin phenol reagent. J. Biol. Chem. 
193, 265-275. 
[26] Chacko, G.K., Goldman, D.E. and Pennock, B.E. (1972) Composi- 
tion and characterization f the lipids of garfish (Lepisosteus Os- 
seus) olfactory nerve, a tissue rich in axonal membrane. Biochim. 
Biophys. Acta 280, 1-16. 
[27] Herbette, L.G., DeFoor, P., Fleischer, S., Pascolini, D. and Blasie, 
J.K. (1985) The separate profile structures of the functional Ca 2+ 
channel and the phospholipid bilayer within isolated sarcoplasmic 
reticulum. Biophys. J. 20, 245-272. 
[28] Moody, M.F. (1963) X-ray diffraction pattern of nerve myelin: a 
method for determining the phase. Science 142, 1173-1174. 
[29] Herbette, L.G., MacAlister, T., Ashavaid. T.F. and Colvin, R.A. 
(1985) Structure-function studies of canine cardiac sarcolemmal 
membranes. II Structural organization of the sarcolemmal mem- 
brane as determined by elecytron microscopy and lamellar X-ray 
diffraction. Biochim. Biophys. Acta 812, 609-623. 
[30] Weglicki, W.B., Owens, K., Kennett, F.F., Kessner, A., Harris, L. 
and Wise, R.M. (1980) Preparation and properties of highly enriched 
cardiac sarcolemma from isolated adult myocytes. J. Biol. Chem. 
255, 3605-3609. 
[31] O'Neil, R.G. and Dubinsky, W.P. (1984) Micromethodology for 
measuring ATPase activity in renal tubules: mineralocorticoid influ- 
ence. Am. J. Physiol. (Cell Physiol.) 247(16), C314-C320. 
[32] Michael, L.H., Shwartz, A. and Wallick, E.T. (1979) Nature of the 
transport adenosine triphosphatase-digitalis complex: XIV. Inotropy 
112 M. Chen et aL / Biochimica et Biophysica Acta 1272 (1995) 101-112 
and cardiac glycoside interaction with Na+,K+-ATPase of isolated 
cat papillary muscles. Mol. Pharmacol. 16, 135-146. 
[33] Allen, J.C., Navran, S.S. and Seidel, C.L. (1989) Intracellular Na ÷ 
regulation of Na + pump sites in cultured vascular smooth muscle 
cells. Am. J. Physiol. (Cell Physiol. 25) 256, C786-C792. 
[34] Munson, P.J. and Rodbard, D. (1980) LIGAND: a versatile comput- 
erized approach for characterization f ligand-binding systems. Anal. 
Biochem., 107 220-239. 
[35] Broderick, R., Bialecki, R. and Tulenko, T.N. (1989) Cholesterol-in- 
duced changes in rabbit arterial smooth muscle sensitivity to adren- 
ergic stimulation. Am. J. Physiol. 257, H170-H178. 
[36] Lund-Katz, S. and Pillips, M.C. (1984) Packing of cholesterol 
molecules in human high-density lipoproteins. Biochemistry 23(6), 
1130-1138. 
[37] Hauser, H., Phillips, M.C., Levine, B.A. and Williams, R.J.B. 
(1976) Conformation of the lecithin polar group in charged vesicles. 
Nature 261,390. 
[38] Mason, R.P., Moring, J. and Herbette, L.G. (1990) A molecular 
model involving the membrane bilayer in the binding of lipid 
soluble drugs to their receptors in heart and brain. Nucl. Med. Biol. 
17(1), 13-33. 
[39] Rosenfeld, M.E., Tsukade, T., Gown, A.M. and Ross, R. (1985) 
Fatty streak initiation in Watanabe heritable hyperlipemic and com- 
parable hypercholesterolemic fat-fed rabbits. Atherosclosis 7, 9-23. 
[40] Rock, D.E. and Tulenko, T.N. (1991) Atherosclerosis alters ATP-de- 
pendent K ÷ channels in arterial smooth muscle. FASEB J. 5, A532. 
[41] Bolotina, V., Omelyanenko, V., Heyes, B., Ryan, U.S. and 
Bregestovski, P. (1989) Variations of membrane cholesterol alter the 
kinetics of Ca2+-dependent K + channels and membrane fluidity in 
vascular smooth muscle cells. Pfliigers Arch. 415, 262-268. 
[42] Bolotina, V., Gericke, M. and Bregestovski, P. (1991) Kinetic 
differences between Ca2+-dependent K + channels in smooth muscle 
cells isolated from normal and atherosclerotic human aorta. Proc. R. 
Soc. London Series-B 244(1309), 51-55. 
[43] Gillies, P. and Robinson, C. (1988) Decreased plasma membrane 
fluidity in the development of atherosclerosis in cholesterol-fed 
rabbits. Atherosclerosis 70, 161-164. 
[44] Yeagle, P.L. and Young, J.E. (1986) Factors contributing to the 
distribution of cholesterol among phospholipid vesicles. J. Biol. 
Chem. 261, 8175-8181. 
[45] Patton, S. (1970) Correlative relationship of cholesterol and sphingo- 
myelin in cell membrane. J. Theor. Biol. 29, 489-491. 
[46] Stepp, D.W. and Tulenko, T.N. (1994) Alterations in basal and 
serotonin-stimulated Ca2+ movements and vasoconstriction i
atherosclerotic aorta. Arterioscler. Thromb. 14, 1854-1859. 
[47] Hermsmeyer, K. (1982) Electrogenic ion pumps and other determi- 
nants of membrane potential in vascular muscle. Physiologist 25, 
454-465. 
[48] Mclntosh, T.J. (1978) The effect of cholesterol on the structure of 
phosphatidylcholine bilayers. Biochim. Biophys. Acta 513, 43-58. 
[49] Mason, R.P., Moisey, D.M. and Shajenko, L. (1992) Cholesterol 
alters the binding of Ca 2+ channel blockers to the membrane lipid 
bilayer. Mol. Pharm. 41,315-321. 
[50] Ruocco, M.J. and Shipley, G.G. (1984) Interaction of cholesterol 
with galactocerebroside and galactocerebroside-phosphatidylcholine 
bilayer membranes. Biophys. J. 46(6), 695-707. 
[51] Lange, Y., Swaisgood, M.H., Ramos, B.V. and Steck, T.L. (1989) 
Plasma membranes contain half the phospholipid and 90% of the 
cholesterol and sphingomyelin  cultured human fibroblast. J Biol. 
Chem. 264, 3786-3793. 
[52] Tulenko, T.N., Bialecki, R., Gleason, M.M. and D'Angelo, J. (1990) 
Ion channels, membrane lipidss and cholesterol: a role for membrane 
lipid domains in arterial function. Progr. Clin. Biol. Res. 334, 
187-203. 
[53] Cox, R.H. and Tulenko, T.N. (1991) Altered excitation-contraction 
coupling in hypertension: role of plasma membrane phospholipids 
and ion channels. Adv. Exp. Med. Biol. 304, 273-290. 
